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Introduction
Silicon carbide (SiC) semiconductors have shown superior electrical and thermal performance over conventional silicon (Si) semiconductors and are attractive for high power and high switching frequency applications, especially for requiring high-temperature operations such as automobiles and aircraft [1, 2] . Most research on the temperature characteristics of the SiC Schottky barrier diode (SBD) has focused on the static and recovery characteristics as compared to Si PiN diode (PiND) [3, 4] . A previous work [5] compares the total loss and conducted electromagnetic interference (EMI) noise frequency spectrum of a power factor correction circuit between the Si PiND and SiC SBD. However, the dependence of EMI noise characteristics on the device temperature has not yet been discussed. This study evaluates the influence of the temperature on the dynamic operation of the diode and the conducted noise frequency spectrum in the continuous-current-mode (CCM) DC-DC boost converter, which are investigated and compared for the Si PiND and SiC SBD.
Section 2 shows the temperature dependence on the static characteristics of the studied Si PiND (Fairchild Semiconductor, RHRP860, 600 V, 8 A) and SiC SBD (Toshiba, TRS8E65C, 650 V, 8 A), which have comparable voltage and current ratings. In Section 3, we evaluate the dependence of the conducted EMI noise spectrum in a boost converter on the device temperature. Finally, Section 4 gives the conclusion.
Temperature dependence in the static characteristics of diodes
Figs. 1(a) and (b) show the measured temperature dependence of the forward current-voltage (I-V) characteristics of the studied diodes using curve tracer (Agilent B1505). The knee voltage for both types of diodes decreased with increasing temperature. Moreover, the on-resistance of the SiC SBD increased with increasing temperature, stemming from the decrease in the carrier mobility for the majority carrier [3] , whereas that of the Si PiND remained invariant. Fig. 1(c) shows the measured capacitance-voltage (C-V) characteristics in the blocking condition using the semiconductor characterization system (Keithley, 4200-SCS) with a 100 mV, 1 MHz AC measurement signal for different temperatures. The reverse bias voltage dependency of the capacitance resulted from the depletion of the drift layer in the device. The SiC SBD has a larger junction capacitance due to a higher impurity concentration in the drift region [5] . The C-V characteristics of the diodes were invariant for the diode temperature. Fig. 1(d) shows the measured reverse bias voltage dependency of the equivalent series resistance (ESR) R S of the diodes in the blocking condition. The SiC SBD showed a lower ESR than the Si PiND, which showed less voltage dependency and invariance with temperature. The ESR of the Si PiND increased with temperature. The ESR of the Si PiND increased with temperature, i.e., for the applied 200 V reverse bias voltage, the ESR was 57.4 Ω, 99.0 Ω, and 161.9 Ω for 25°C, 100°C, and 175°C, respectively.
3 Temperature dependency of diodes in noise spectrum for CCM boost converter Fig. 2 (a) depicts the circuit diagram of the CCM boost converter. The metal-oxidesemiconductor field-effect transistor (MOSFET; Infineon, IPP-60R099CP) was operated at a 100 kHz switching frequency with 50% duty cycle for 100 V DC input voltage and 75 Ω load resistance. The diode turns off when turning on the MOSFET and commutates inductor current from the diode to the MOSFET. The excess minority carriers stored in the drift region of the PiN diode must be removed in the turn-off operation to establish the blocking condition. The removal of the minority carrier is achieved by the reverse current and carrier recombination. The current of the process, known as reverse recovery [5] , causes switching loss and steep current decrement from the peak reverse current-induced voltage surge in the circuit, which results in a broad spectrum of EMI noise. In this section, we present the experimental evaluation of the reverse recovery behavior of the Si PiND and SiC SBD in the CCM DC-DC boost converter and study the effect of diode temperature on the conducted emission. the temperature, as shown in Fig. 2(e) . The SBD operates with the majority carrier and does not have stored minority carriers; therefore, it is free from reverse recovery phenomena, and only the depletion charge is observed for the turn-off operation.
Dynamic characteristics of diodes
Conversely, the Si PiND shows reverse recovery phenomena, and the peak value of the reverse recovery current increases with temperature, as shown in Fig. 2(c) . The recovery time increases from 20 ns to 70 ns as the temperature increases from 25°C to 175°C. The switching operation of the diode induces ringing oscillation. The settling of the ringing oscillation in turn-off operation at 175°C is less than half that of at 25°C for Si PiND. Prony analysis can be applied to directly estimate the damping, frequency, magnitude, and initial phase information of the oscillation modes from the sampled time-domain data [6] . The ringing oscillation can be interpreted as the damped oscillation of the second order dynamical system to the step input. This study applies Prony analysis to the measured time-domain data to evaluate the damping factor of the ringing oscillation mode. The damping factor of the oscillation for the Si PiND is calculated as 3:44 Â 10 À7 , 5:00 Â 10 À7 , and 9:61 Â 10 À7 for 25°C, 100°C, and 175°C, respectively. The differences correspond with those in the ESR in the diode blocking condition, as shown in Fig. 1(d) . The ESR of the Si PiND under 200 V reverse bias voltage at 175°C is more than twice that at 25°C. The difference in the settling time of the ringing oscillation can be attributed to the difference in the damping factor with the ESR of the diode in the blocking state.
Measured spectrum of the conducted emission
This section presents the measured frequency spectrum of the conducted emission in the noise terminal voltage of the active power line to the ground v a . A mixeddomain oscilloscope (Tektronix MDO4104-3) and line impedance stabilization network (LISN, 9117-5-PJ-50-N, Solar Electronics Co., Ltd., 0.15-400 MHz) were used for the measurement. Fig. 2(b) shows a simplified diode current waveform including the reverse recovery. The spectrum decreased with 20 dB/decade up to the cutoff frequency ( 1 t r ) for the periodic trapezoidal waveform with rise and fall times (t r and t f ). The reverse recovery can be described as overshoot with peak value (I peak ) that lasts for recovery time (t RR ). The fast switching and parasitic components cause ringing. Figs. 3(a)-(d) show the Fourier spectrum of the measured diode current for each temperature. The peak value of the reverse recovery current for the Si PiND increased with temperature, resulting in increments of an even-order harmonics level, as shown in Fig. 3(a) . Prony analysis extracted the frequency of the modes that represent the turn-off and depletion behavior of the Si PiND to be 30.0 MHz, 26.6 MHz, and 15.9 MHz for 25°C, 100°C, and 175°C, respectively. The spectrum peak at 10 to 30 MHz shifted to lower frequency with longer recovery time, as shown in Fig. 3(c) . The SiC SBD showed invariant switching behavior to the operating temperature, and the even-order harmonics and the spectrum level at 10 to 30 MHz remained nearly the same, as shown in Figs. 3(b) and (d) . No significant difference was observed in the spectrum peak level at 50 MHz among the diode types and temperatures. This noise was caused by the ringing at the turn-on of the diode, as shown in Figs. 2(d) and (f ) . The spectrum levels above 50 MHz decreased with increasing temperature for the Si PiND, as shown in Fig. 3(c) . Using Prony analysis, the ringing frequency of the Si PiND current at the turn-off were extracted as 76.3 MHz, 72.7 MHz, and 75.2 MHz for 25°C, 100°C, and 175°C, respectively. The damping factor of the ringing oscillation increased with the temperature, as mentioned above; therefore, the noise spectrum levels above 50 MHz decreased with increasing temperature.
Figs. 3(e) and (f ) show the frequency spectrum of v a at 1-200 MHz for the Si PiND and SiC SBD with the diode temperature. The conducted noise spectrum level above several megahertz was affected by the temperature when the Si PiND was used in the converter. The large reverse recovery peak and long reverse recovery time at 175°C raised the current spectrum level at 3-20 MHz as shown in Figs. 3(a) and (c) . Thus, the conducted emission at 175°C exhibited the highest levels at this frequency range. The noise spectrum levels above 50 MHz decreased with increasing temperature, as shown in Fig. 3(e) . However, the influence of the temperature was not significant for the SiC SBD to the conducted emission noise level in the entire intended frequency range, as shown in Fig. 3(f ) . These results suggest that the ringing oscillation in the diode switching current has significant influence on the noise level in the above conducted emission regulation frequency range. The short settling of the ringing oscillation with temperature increase in the Si PiND turn-off operation gave less noise in the frequency range of >50 MHz. 
Conclusion
This study evaluated the temperature dependency of the reverse recovery behavior of diodes and assessed the conducted emission in the CCM DC-DC boost converter. The Si PiND exhibited large peak reverse current and recovery time at high temperature, leading to an increased emission level in the conducted noise frequency range. However, the damping of the ringing oscillation in the Si PiND switching current increased at a high temperature, resulting in the suppressed noise level, particularly for frequencies >50 MHz. In contrast, the SiC SBD showed invariant switching behavior and conducted emission level to the operating temperature. Therefore, the SiC SBD enables easier design and evaluation of the noise level of the application circuit for different operating temperatures.
